ABSTRACT The maximal exercise capacity of patients with chronic heart failure is frequently reduced. To investigate whether this exercise intolerance is caused by inadequate nutritive flow to skeletal muscle, we compared cardiac outputs, leg blood flow, and leg metabolism during maximal bicycle exercise in seven patients with normal maximal oxygen uptake (V02) (>20 ml/min/kg; group A), eight patients with heart failure and moderately reduced maximal V02 (15 to 18 ml/min/kg; group B), and eight patients with heart failure and markedly reduced maximal V02 (<14 ml/min/kg; group C). As the severity of exercise intolerance increased from group A to group C there was a progressive decline in cardiac output and leg blood flow at any given workload accompanied by a progressive decline in maximal cardiac output (liters/min) (A, 12.4 + 1.0; B, 8.7 ± 0.9; C, 5.5 ± 0.7), maximal leg flow (liters/min) (A, 4.0 0.3; B, 2.6 + 0.4; C, 1.4 + 0.2), and maximal leg V02 (ml/min) (A, 564 + 49; B, 403 + 41; C, 213 ± 35 ml/min). All patients terminated exercise because of severe leg fatigue. At termination of exercise, all three groups exhibited similar marked levels of leg 02 extraction (%) (A, 80 ± 2; B, 83 + 3; C, 89 + 1) and high femoral-arterial lactate gradients (mg/dl) (A, 15.4 + 2.6; B, 18.3 ± 3.5; C, 19.2 ± 3.6), suggesting that exercise was limited when a critical level of muscle underperfusion was reached. These data suggest that the reduced maximal exercise capacity of patients with chronic heart failure is primarily due to impaired nutritive flow to skeletal muscle and resultant muscular fatigue. Circulation 69, No. 6, 1079No. 6, -1087No. 6, , 1984. THE MAXIMAL exercise capacity of patients with chronic heart failure is frequently reduced.'-1 It has recently been suggested that this exercise intolerance is primarily caused by inadequate blood flow to working skeletal muscle,3'4 since patients with heart failure have reduced cardiac outputs, early increases in lactate concentration, and augmented limb 02 extraction during exercise.3 6 However, it has yet to be directly demonstrated that perfusion of working skeletal muscle is impaired during upright maximal exercise in such patients.
THE MAXIMAL exercise capacity of patients with chronic heart failure is frequently reduced.'-1 It has recently been suggested that this exercise intolerance is primarily caused by inadequate blood flow to working skeletal muscle,3'4 since patients with heart failure have reduced cardiac outputs, early increases in lactate concentration, and augmented limb 02 extraction during exercise.3 6 However, it has yet to be directly demonstrated that perfusion of working skeletal muscle is impaired during upright maximal exercise in such patients.
Accordingly, this study was undertaken to determine whether blood flow in skeletal muscle is reduced during maximal exercise in patients with chronic heart failure and to investigate whether maximal exercise capacity in such patients correlates with the adequacy of flow to skeletal muscle.
Methods
Patients. Twenty-three sedentary men with a mean age of 50 years (range 26 to 69) were studied. These patients were divided into three groups according to the maximum 02 uptake (VO2max) achieved during upright bicycle exercise: group A, >20 ml/min/kg (seven patients); group B, 15 to 18 ml/min/kg (eight patients); and group C, < 14 ml/min/kg (eight patients). Patients in group A were considered to have exercise capacity within the normal range for sedentary individuals, while those in groups B and C were considered to have moderate and severe exercise impairment, respectively. [1] [2] [3] Group A consisted of one normal subject, two patients with mild mitral stenosis, one patient with mitral regurgitation, and three patients with left ventricular dysfunction caused by idiopathic cardiomyopathy. All group B and C patients had left ventricular dysfunction caused by idiopathic cardiomyopathy (n = 6) or by coronary artery disease (n = 10). All patients with left ventricular dysfunction, including those in group A, had documented histories of heart failure, left ventricular ejection fractions '35%, and were taking digoxin and diuretics. None of the patients in the study had peripheral edema, pulmonary rales, ascites, anginal symptoms, chronic lung disease, intermittent claudication, or reduced pulses in the legs. All with increasing work in all three groups, with the VO2 attained at any given workload being similar in all groups (figure 1). However, as the severity of exercise intolerance increased from group A to C, there was a progressive decrease in cardiac output and increase in systemic 02 extraction and arterial lactate concentration at any given workload (figures 1 and 2) as well as a progressive decrease in maximal V02 (A, 1685 ± 141 ml/min; B, 1190 + 61; C, 751 + 85 ml/min) and maximal cardiac output (A, 12.4 + 1.0; B, 8.7 + 0.9; C 5.5 + 0.7 liters/min) (figure 3).
The mean blood pressure during exercise was reduced in patients in groups B and C compared with that in patients in group A (figure 2). In group B patients this reduction was associated with a decrease in systemic vascular resistance similar to that noted in group A patients (figure 2). In contrast, group C patients had a smaller decrease in vascular resistance at Vol. 69, No. 6, June 1984 any given workload compared with the other two groups (figure 2).
Leg hemodynamic and metabolic responses to exercise.
At supine and upright rest, blood flow, resistance, 02 extraction, and V02 in the leg were similar in all three groups (table 3) . However, femoral lactate concentration was significantly higher in patients in group C (17 ± 2 mg/dl) than that in patients in the other two groups (A, 1 + 1;B, 11 ± 1 [bothp< .025vsgroupC]).
With exercise, leg MO2 rose linearly with increasing workload in all three groups, with the V02 attained at any given workload being similar in all groups (figure 4). Leg blood flow also increased linearly with increasing workload in all groups (figure 5). However, as the severity of exercise intolerance increased from group A to C, there was a progressive decrease in leg blood flow. In group A the relation between flow and workload (flow = 0.039 W + 0.79 liter/min) was comparable to the relation previously noted in normal subjects by Wahren, Pernow, and co-workers" (flow = 0.0375 watts + 0.89 liter/min). Leg blood flow was significantly lower in group B and C patients at any given workload, with group B patients having average flow reductions of 20% and group C patients having reductions averaging 40%. Maximal leg blood flow also decreased progressively with increasing exercise intolerance ( figure 3 ).
This progressive reduction in leg blood flow was associated with progressive reductions in maximal leg MO2 ( Leg 02 extraction was also markedly elevated in all groups, although to a greater extent in group C (89 ± l %) than in groups A or B (A, 80 + 2%; B, 83 ± 3%) (p < .025). Femoral venous lactate concentrations tended to be higher in group A, but not significantly (A, 73 ± 7; B, 64 ± 7; C, 52 ± 3 mg/dl).
At any given workload, patients who terminated exercise exhibited significantly higher levels of leg 02 extraction and femoral venous lactate concentrations than patients who were able to continue exercising (table 4) . Moreover, 13 of the 15 group B and C patients had both higher leg 02 extraction and femoral venous lactate concentration at termination of exercise than did nonfatigued patients exercising at the same workload.
Discussion
Patients with congestive heart failure frequently have limited exercise capacity, even when they are asymptomatic at rest. [1] [2] [3] It is becoming an increasingly common practice to quantify this exercise intolerance by maximal exercise testing. Investigators are also widely using maximal exercise testing to evaluate serially the effects of drugs on exercise capacity in patients with heart failure. Therefore it is of major interest to determine the factor or factors responsible for the reduced maximal exercise capacity of such patients.
In this study we investigated the hypothesis that this reduced exercise capacity is primarily caused by inadequate perfusion of skeletal muscle and resultant muscular fatigue. Leg blood flow and 02 extraction were used as indexes of skeletal muscle perfusion, since flow to nonmuscular tissue makes up only a very small portion of leg blood flow during exercise.16 Femoral venous lactate concentration was used to assess nutritional flow to working muscle. Prior studies have demonstrated that a reduction in nutritional flow to working muscle causes increased lactate production."' 17 18 Our results strongly suggest that nutritive flow to skeletal muscle is impaired in patients with chronic heart failure and reduced maximal exercise capacity. In addition, our results suggest that the level of exercise intolerance is a direct function of the degree of impairment of given workload was similar in all three groups of patients. Therefore the higher leg 02 extraction noted in exhausted patients suggests that exhaustion was associated with more severe muscle underperfusion than in nonexhausted patients. The higher femoral venous lactate concentrations noted in the exhausted patients further support this conclusion.
These findings provide the first direct evidence that patients with chronic heart failure are limited during maximal exercise primarily by inadequate nutritive flow to skeletal muscle. However, our findings are consistent with a number of prior observations. Weber et al.3 recently reported a direct relationship in patients with chronic heart failure between maximal exercise capacity and their cardiac output and mixed venous lactate responses to exercise; they proposed that exercise intolerance was therefore caused by inadequate muscle perfusion. Donald et al.5 and others24 have noted heightened leg 02 extraction and femoral venous lactate concentrations during supine moderate exercise in patients with heart failure, and suggested that skeletal muscle perfusion was reduced. Zelis et al.2 526 have demonstrated that forearm-blood flow is reduced during forearm exercise in patients with heart failure. Higgins et al.27 observed that leg blood flow was reduced during exercise in dogs with experimentally produced heart failure. Finally, we have reported that termination of exercise in patients with heart failure is related to the onset of anaerobiosis rather than to changes in pulmonary wedge pressure or ventilatory patterns; therefore we suggested that underperfusion of skeletal muscle rather than breathlessness limits maximal exercise.4
The mechanism responsible for impaired nutritive flow to skeletal muscle in heart failure cannot be established from the results of this study. Nevertheless, our findings provide some useful information in this regard. Blood function and vasoconstriction in nonexercising tissues, and vasodilation in working skeletal muscle. '6 In patients in groups B and C we observed a reduced mean blood pressure during exercise. Since peripheral vasoconstriction during exercise is heightened in patients with heart failure,28 this reduction in muscle perfusion pressure was most likely caused by pump dysfunction. Therefore impaired skeletal muscle blood flow in patients with heart failure may be caused in part by cardiac pump dysfunction.
However, we also observed that the decrease in leg vascular resistance in group C patients during exercise was not as great as that in group A and B patients. This finding suggests that the impaired nutritive flow to skeletal muscle in patients with severe exercise intolerance may also be caused in part by impaired vasodilation in working muscle. Previous investigators have also reported impaired vasodilation in working skeletal muscle both in patients with severe heart failure performing forearm exercise25 and in dogs with experimentally produced heart failure performing treadmill exercise. 27 Other factors that potentially could contribute to the exercise intolerance and metabolic abnormalities noted in the group B and C patients include deconditioning and/or changes in skeletal muscle that increase cellular glycolysis. Marked deconditioning, for example, produces a modest fall in maximal <02, mean blood pressure, and cardiac output during exercise.29 Factors such as muscle enzymatic activity and substrate availability can definitely alter lactate production in the absence of changes in nutritive flow.30 31 It is possible that deconditioning contributed in part to the exercise tolerance in the group B and C patients. In contrast, enzymatic changes probably did not contribute. If any enzymatic change occurs in skeletal muscle in patients with heart failure, it is likely to involve an increase in oxidative capacity. In patients with peripheral vascular disease, leg blood flow during exercise has been shown to be depressed to a degree similar to that observed in the group B and C patients." This flow impairment results in increased activity of oxidative enzymes in skeletal muscle, not of glycolytic enzymes 32 33 Nevertheless, it is important to realize that use Another potential limitation of this study is the inclusion of patients with cardiac abnormalities in group A. However, this is unlikely to have influenced our results, since the metabolic responses in this group were within the normal range. Moreover, if only normals had been included in group A, even more dramatic differences between this group and groups B and C might be expected.
One last potential concern relates to the patterns of systemic and leg V02 observed at maximal exercise. During maximal exercise in normal, active, and highly motivated subjects, V02 reaches a definite plateau beyond which further increments in workload produce no further increments in V02. Classically, detection of such a plateau has been used as evidence that nutritive flow reserve in skeletal muscle and the capacity of muscle to extract 02 are both exhausted. Few of our patients reached a definite plateau in systemic V09. This has also been the experience of other investigators . Nevertheless, it is likely that our patients were at the point of reaching a plateau given the regional and systemic metabolic parameters noted at the end of exercise. Furthermore, in those of our patients who continued exercising to higher workloads after the onset of severe leg fatigue, a definite V02 plateau has been observed. It is possible that leg V02 actually plateaued in our patients but that this plateau was not detected.
We have previously noted that leg V02 is subject to 7 modest quantitative errors.
Our results therefore indicate that impaired nutritive 1086 flow to skeletal muscle is most likely the principal factor responsible for the reduced maximal exercise capacity of patients with heart failure. This conclusion suggests that maximal exercise testing provides an objective method of assessing the capacity of a patient's circulatory system to perfuse skeletal muscle during exercise. This conclusion also suggests that altered nutritive flow to skeletal muscle may play a role in limiting the exercise capacity of patients during daily activities, at least during strenuous exertion. Therefore investigation of the mechanisms responsible for this impaired nutritive flow are clearly needed to identify methods for treating this abnormality.
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